ABSTRACT
INTRODUCTION
The Nucleic Acids Research Committee (NARC) of the Association of Biomolecular Resource Facilities (ABRF) evaluates the procedures and performance of research facilities that perform nucleic acid synthesis and sequencing in academic, industrial and other institutions (5, 6) . These studies provide a measure of the industry stateof-the-art, as well as the level of performance, that can be expected from such facilities. Previous projects have examined general operations of DNA core laboratories (15) , the accuracy of automated DNA sequencing in these facilities (12) , and the performance of unpurified synthetic oligonucleotides as primers for automated DNA sequence analysis (14) . The DNA Sequencing Research Committee of the ABRF has performed studies evaluating the ability of DNA core facilities to sequence difficult templates (2) and the performance of various sequencing strategies and chemistries (1) . Herein, we have studied primer selection strategies used by DNA sequencing facilities and empirically examined the quality of the sequence data provided by primers selected by these facilities.
Despite a long-standing conviction within the DNA sequencing community that careful primer design is essential to ensure high quality data (c.f., 11, 14, 17, 18) , there is a paucity of empirical studies supporting this view. A variety of reasonable "rules of thumb" (13) suggesting optimal ranges for primer length, percent G+C, melting temperature (T m ) and composition have led to the development of primer design software packages that identify primers conforming to these criteria (4, 16, 18) . However, the success of these strategies in selection of high-quality sequencing primers, to our knowledge, has not been extensively examined. In many sequencing projects, primer design and synthesis represent the most significant costs and consume the bulk of effort and time. Therefore, it is extremely important that these primers yield highquality sequence data.
To examine this issue, an e-mail survey containing general questions about laboratory functions and specific questions concerning important characteristics for primer selection was distributed. A 300-bp test sequence was provided for which participants were asked to design sequencing primers.
The submitted primers and a set of control primers spanning the 300-bp test sequence at 3-bp intervals were synthesized and used to sequence the test template on a Model 377 P RISM ™ Automated DNA Sequencer (PE Biosystems, Foster City, CA, USA). Due to the results of this study, current primer design rules of thumb may be streamlined to facilitate more efficient primer selection for sequencing projects.
MATERIALS AND METHODS

The Survey
In December of 1996 and January of 1997, members of the ABRF were requested via e-mail distributions, the ABRF Electronic Bulletin Board and a standard mailing, to participate in a study of DNA sequencing primer design. The distribution provided a 300-bp "test sequence" (Figure 1 ) that was selected and previously shown to contain no segments that affect sequence ladder extension (data not shown). Participants were asked to use the prevailing technology in their laboratories to design and submit the sequences of up to three sequencing primers in the forward direction. Participants were requested to select the best primers irrespective of their positions on the test sequence. All responses were anonymously screened and coded by Virginia Commonwealth University (VCU) Health Sciences Computer Center personnel. Identifying data were removed from each document before being forwarded to the Committee for analysis. Several respondees submitted uninterpretable data. Where possible, these respondees were identi - 
Control and Submitted Primers
A panel of 95 primers were synthesized as controls. These 18 nucleotide (nt) primers spanned the 300-bp test sequence with their 5 ′ termini located at 3-bp intervals (i.e., the first began at bp 1 of the test sequence, the second began at bp 4, etc.). All primers were analyzed with the Oligo ™ Program 5.0 (NBI/Genovus, Plymouth, MN, USA) (16) and the number of bases, percent G+C, T m (nearest neighbor method described in Reference 9), internal structure, secondary priming sites, etc., were recorded.
The 69 submitted and 95 control primers were synthesized on a Model 3948 DNA Synthesis and Purification System (PE Biosystems) at three different sites. Synthesis was performed at the 40 nmol scale using PE Biosystems reagents and the standard synthesis, cleavage and purification cycles. An aliquot of each sample was analyzed by polyacrylamide gel electrophoresis (PAGE) and by matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF/ MS). PAGE was performed using precast minigels (Novex, San Diego, CA, USA) following the protocol specified by the manufacturer. Mass analysis was performed on a 200-pmol sample mixed with 10 mg/mL 3-hydroxypicolinic acid matrix (in 50% acetonitrile, 0.1% trifluoracetic acid) on a Voyager RP MALDI-TOF/MS instrument (PerSeptive Biosystems, Framingham, MA, USA). Criteria for passing quality control were: ( i ) a single major band on the gel; ( ii ) appropriate mobility on the gel compared to molecular weight standards; ( iii ) a synthesis yield >0.5 ODU (absorption of sample in 1 mL at 260 nm with 1 cm pathlength set up on the 3948 Synthesizer); and ( iv ) a single peak of the expected mass by MALDI-TOF/MS. Any oligonucleotides that failed to meet these criteria were resynthesized.
Test Template and Preparation
The plasmid template was preselected to contain a test sequence lacking obstacles to sequence extension (data not shown) and purified by double banding in CsCl-ethidium bromide isopycnic density gradients (10) .
DNA Sequence Analysis
Each of the purified and quality-tested oligonucleotides were used as a primer for DNA sequence analysis using dRhodamine Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq ® FS reagents (PE Biosystems) under standard reaction conditions as described by the manufacturer at 20 µ L total vol containing 300 ng of template and 5 pmol of primer. Sequencing reactions were run for 25 cycles of 10 s at 96°C, 5 s at 50°C and 4 min at 60°C in a GeneAmp ® PCR System 9700 DNA Thermal Cycler (PE Biosystems). Reactions were analyzed on Model 377 P RISMAutomated DNA Sequencers using 5% Long Ranger ™(FMC BioProducts, Rockland, ME, USA) gels with Tris-Borate-EDTA buffer (TBE; pH 8.3). Approximately 30% of the control primers were rerun using the same dRhodamine dye terminator/Taq FS kit to ensure reproducibility, and approximately 50% of the control primers were rerun using the old rhodamine dye terminator/Taq FS kit (PE Biosystems). The dRhodamine or dichlororhodamine reagents are modifications of the original old rhodamine dyes that have narrower emission spectra, less spectral overlap and more even peak heights than the earlier dyes (19) . Each 5% polyacrylamide sequencing gel was electrophoresed for approximately 8 h, and the data was directly exported for analysis using Sequencher ™ (Gene Codes, Ann Arbor, MI, USA). Using this software, the raw data was trimmed to remove 5 ′ and 3 ′ ambiguous sequences, so that the first and last 25 nt contained no ambiguities. Each result was aligned with the known sequence, and we recorded: ( i ) the number of nt between the 3 ′ end of the primer and the beginning of the trimmed data; ( ii ) the number of nt in each sequence read; and ( iii ) the number of errors, including miscalls, insertions, deletions and ambiguities in each 100-bp window through the end of the sequence read.
RESULTS
Participant Profiles
Thirty-nine laboratories participated in the study, submitting 69 primer sequences. Of the participants, approximately 77% provide synthesis services and approximately 85% provide sequencing services, but only approximately 50% provide primer design or walking services, and less than one third offer template preparation. Laboratories performing these services averaged annually approximately 3700 syntheses, 7000 sequence runs, 425 primer designs, 424 template purifications and less than 200 primer walking projects. Charges for services averaged $1.17/nt for 40-50 nmol and $2.19/nt for 150-200 nmol syntheses of a 25-nt unpurified primer and $24/reaction for DNA sequence analysis ($9 for gel only). The average price for a primer walking sequencing project of a 2-kbp insert in a plasmid vector was approximately $500 or $0.25/bp. Charges for "external users", where available, averaged approximately 17%-50% higher than charges for institutional users. DNA synthesis and sequencing instrumentation was dominated by PE Biosystems; i.e., 77% of synthesizers and 92% of sequencers, but Beckman Note that since all of the primers tested with the old rhodamine reagents were controls, and therefore 18-nt long, the data for old rhodamines are not included in this analysis. The X-axis distributes the primers from 16-24 nt in length; the y-axis indicates the number of errors over the full-length read of that primer. prices and approximately 25% indicated a decreased number of synthesis requests in response to commercial suppliers. About 23% of the laboratories purchased or planned to purchase largescale synthesis instruments to match the new competition. However, only approximately 5% had discontinued synthesis services.
Software or Manual Selection of Primers
Thirty-one laboratories described their practices for the design of sequencing and PCR primers. We were surprised that, in spite of the availability of excellent commercial primer design software programs, over 50% (17/31) of the reporting laboratories preferred to select primers manually. Of the 25 laboratories reported that selection and design of PCR primers, again over 50% (14/25) tended not to use software. Of those laboratories that rely on software for primer selection, over 60% rely on various versions of the Oligo software for sequence primer design, and over 70% use the Oligo software for PCR primer design.
Idealized Primer Physico-Chemical Characteristics
Participants were asked to provide their preferences for the physico-chemical characteristics of the ideal sequencing and PCR primers. This analysis provided few surprises ( Table 1 ), in that the idealized primer characteristics of most respondents closely parallel those of some common rules of thumb for primer design. Thus, sequencing primers should be: 18-24 nt in length, T m = 52°-66°C, 40%-60% G+C, with 1-2 bp 3 ′ GC clamps (G or C nt at 3 ′ terminus of the primer) and very little internal structure, homopolymeric sequence or potential for secondary priming. A similar set of characteristics was reported for PCR primers, although the optimal acceptable length, T m and percent G+C were slightly greater than for sequencing primers. However, it was unexpected that some participants accept primers of up to 40 bases, with T m 's as high as 95°C for both sequencing and PCR primers. When asked to rate the relative importance of each characteristic, participants rated the existence of secondary priming sites and percent G+C as most important, with T m , presence of a 3 ′ GC clamp, the potential to form primer dimers, primer length, the presence of internal structure or the presence of homopolymeric runs, in order of decreasing importance for sequencing primer design. Relative importance of these characteristics was similar for PCR primers, except that the potential for formation of primer dimers was rated almost as important as the existence of potential secondary priming sites.
Characteristics of the Submitted Primer Sequences
The 39 participating laboratories submitted 69 primer sequences ranging in length from 16-24 nt with an average of approximately 20 nt. The primers were distributed fairly evenly across the 300-bp test sequence, although some segments were obviously purposefully excluded; e.g., any primer beginning between bp 21 and 30 of the test sequence would bear an 8-nt poly(A) segment (not shown). Not surprisingly, most of the submitted primers conformed closely to the idealized physico-chemical characteristics for sequencing primers (Table 1) . Although some deviated from the idealized characteristics, all conformed to the more broad ranges defined by participants. Thus, the participants selected primers according to their idealized criteria, even though almost half of the submitted primers were selected manually without the aid of computer software. Interestingly, some of the submitted primers had very high or low T m (91° or 48°C) or percent G+C (82% or 29%), indicating that the participants do in fact permit a significant variation in these characteristics. Moreover, some primers exhibited relatively high The data is shown as the average with the (median, range) in parentheses. c The number of nt between the 3 ′ end of the primer and the beginning of the trimmed sequence. d The length of read in nt after trimming using Sequencher (see Materials and Methods). e The number of ambiguous calls (N's) in the full-length sequence read. f The number of errors in the first 700 nt of the sequence. 
Sequencing Performance of the Primers
The results of the sequence analysis as described in the Materials and Methods were unexpected (Table 2); i.e., we expected a wide range in the performance of the submitted and control primers. Instead, all of the submitted primers functioned extremely well, the poorest performer still yielding <2% errors over a >700-nt sequence. The average number of errors and ambiguities over the 700-nt window was 2.9, and the average read length was 760 nt. Similarly, almost all of the control primers functioned very well, with an average of 2.9 errors or ambiguities over the 700-nt window and an average read length of 772 bases. Only one primer (No. 8) failed to give any reasonable sequence, and even this oligonucleotide performed adequately on the repeat; i.e., 13 errors and ambiguities over a 700-nt read. The average read lengths of the sequences from the submitted and control primers were 760 and 772, with ranges of 674-802 and 683-799 bases, respectively. The average number of nucleotides trimmed from the 5 ′ ends of these sequences was 3.3 and 4.6 nt, respectively. Many sequences began on the first nucleotide after the primers, but up to 14 or 19 nt were trimmed from the 5 ′ ends of the submitted and control primers. As expected from previous studies (1,2,12, 14,18), errors and ambiguities were clustered in the first and last 100-bp windows of the sequences (data not shown). Approximately 30% of the control primers were used in repeat reactions with very similar results ( Table  2 , and data not shown).
The control primers used in sequence reactions using the old rhodamine dye terminator reagents gave slightly poorer overall results. The read lengths of these reactions did not differ greatly from the read lengths of the dRhodamine reactions (average 752 nt vs. 772 bases, Table 2 ). However, there were more N's (average 8.7 vs. 1.6) and errors and ambiguities (average 16.5 vs. 2.9) in the data generated with old rhodamine dye terminators than in the dRhodamine-generated data ( Table 2) .
Poor Primers Yield Good Sequence Results
The uniform high-quality sequence data from the control primers using the dRhodamine reagents was not expected. Only primer No. 8 failed catastrophically (i.e., gave no valid sequence data), and primer No. 9 yielded >5% errors over a 700-nt window. However, both of these primers provided better data when used in a repeat sequencing reaction (Table 3) . Moreover, there was no obvious relationship between the number of errors in a sequence and the length, position, T m , percent G+C, secondary priming potential, length of homopolymeric stretches (Figure 2 , panels A-F) or the potential for forming primer dimers (data not shown) of the primers. On the contrary, many primers exhibiting suboptimal physico-chemical characteristics yielded high-quality sequence. For example, although the one primer, No. 8, that failed castastrophically has an 8-nt poly(dA) stretch near its 3 ′ terminus, other primers, e.g., Nos. 7 and 10, contain a similar sequence, but still generated very respectable data (Table 3) . Primer No. 9, which also contains the same poly(dA) stretch, also yielded relatively poor data (46 errors in 700 bases), although the error rate was <3% over the first 500-nt window (data not shown). Examination of the sequences of these primers suggests that homopolymeric stretches of dA's may have a negative impact on sequence quality, but that these stretches must be quite long, and near to the 3 ′ terminus to exert their effects. Other primers with extensive homolopolymeric stretches yielded good results (Table 3) . Finally, when the length of the longest homopolymeric stretch in each of the primers was plotted against the number of errors in the sequence reaction ( Figure 2E ), no general trend was observed when reactions were performed with dRhodamine reagents. Together, these observations suggest that under optimal conditions using dRhodamine reagents, long homopolymeric stretches do not necessarily negatively effect sequence results.
T m and percent G+C also showed less impact than expected on the dRhodamine reactions (Figure 2 , C and D and Table 3 ). Thus, primers with low T m and percent G+C; e.g., 37°C/28% and 44°C/28% for primer Nos. 72 and 39, and others with high T m /percent G+C; e.g., 75°C/72% and 83°C/78% for control primer Nos. 80 and 84 and 91°C/82% for submitted primer No. 4321b, each provided sequence at well under 1% error rate (Table 3) . Secondary priming potential also exhibited less of an obstacle for dRhodamine sequencing than was anticipated. Primers with very high secondary priming scores at sites within the template provided excellent sequence data. Control primer Nos. 82 and 83, and submitted primer Nos. 10Ab and 49b, had high secondary priming scores, and in each case the homology encompassed the 3 ′ end of the primer (Table 3) . Nonetheless, these primers yielded very highquality results.
Finally, we compared the sequencing results generated with primers selected by software to the results of manually selected primers and to the arbitrarily selected control primers. There was no observable difference in the results obtained; i.e., the average number of errors over a 700-nt sequencing window was 2.9, 3.1 and 3.3 for all submitted primers, for submitted primers selected using software and for the control primers, respectively. Moreover, no clear trends were observed when comparing the physico-chemical characteristics of the software-designed primers to the manually designed or the control primers (data not shown).
Old Rhodamines vs. dRhodamines
The old rhodamine dye reactions were more strongly impacted by primer physico-chemical characteristics than the dRhodamine dye reactions. As described above, the old rhodamine dye reactions were consistently poorer than the dRhodamine reactions (Table 2) . Moreover, the former reactions seemed more sensitive to primer characteristics. Thus, reactions with higher error rates tended to be those with lower T m , lower percent G+C and longer homopolymeric stretches (Figure 2 , panels C-E). As with the dRhodamines, the old rhodamine reactions exhibited no discernable trend in relation to secondary priming potential (Figure 2F ), or primer secondary structure (data not shown).
DISCUSSION
In this study, we examined the perceptions and strategies of participant core facility personnel for the design and selection of DNA sequencing and PCR primers. The results may reveal some unexpected misconceptions in the requirements for good sequencing primer design. Thus, most laboratories espouse primer design dogma suggesting that a sequencing primer should be 18-24 nt in length with a T m = 52°-66°C, 40%-60% G+C, 1-2-bp 3 ′ GC clamps and little internal structure, homopolymeric sequence or potential for secondary priming. The percent G+C and secondary priming potential were rated as the most important characteristics, but T m , GC clamps, primer secondary and tertiary structure, length and the presence of homopolymeric runs were also thought to be relevant. Moreover, previous studies have shown that secondary structure of the template in the primer target regions can effect priming efficiency (7, 8) .
With regard to primer design, we were surprised to find that the majority of investigators design most of their sequencing primers manually. Thus, in spite of the perceived importance of primer characteristics and the widespread availability of primer design software, approximately 55% of the participants in this study elected to design primers manually. We believe that this observation is the result of a combination of the facts that primer design software is not yet sufficiently "userfriendly" and that the primer physicochemical characteristics are not as important as commonly believed. It would seem that the authors of primer design software could take note of this result and streamline and enhance their products so that they are more convenient, beneficial and practical to use. Clearly, however, there are many circumstances (e.g., templates with GC-rich regions or with unusual sequences or structures, genomic sequencing or the sequencing of very large templates with many repeat regions) in which it would be advisable to use appropriate primer design software to automate and expedite primer design and synthesis.
The results of the empirical sequencing analysis were surprising in that nearly all of the primers yielded data of extremely high quality. Excellent data was obtained in spite of widely varying primer T m and percent G+C, the presence of nearly 50% of the primer as homopolymer and the presence of very strong secondary priming sites, characteristics considered by most respondents to be the critical for sequencing primers. This study confirms earlier observations (3) that there is a broad tolerance in these and other characteristics of sequencing primers. Other factors, such as template purity or quality or technical expertise, possibly play greater roles. In this study, the plasmid template was selected for absence of sequence extension obstacles and purified by double banding in CsCl-ethidium bromide isopycnic density gradients. Therefore, this template was extremely pure and optimal for sequencing. The primers were similarly highly purified. The reactions were performed in a single high-throughput sequencing facility under tightly controlled conditions. Different results may be obtained using less carefully purified DNA templates with unusual sequences or structures or in less rigorously controlled sequencing operations.
Finally, the data generated using old rhodamine reagents was, in general, poorer in quality than that generated using the dRhodamine reagents. Moreover, the expected trends in comparing sequence performance and primer characteristics were more prominently observed using the old rhodamine reagents. We believe it possible, if not likely, that the greater uniformity in peak height generated by the newer sequencing reagents (19) is at least partially responsible for this difference. Thus, background peaks are less likely to interfere with base calling, lessening the overall effects of potential problems like secondary priming and stutter.
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